. NMR characterization of ~ 76 mM Cp*pC in D 2 O at 25°C, pD 6.5-7.0. 1 H gCOSY spectrum shows coupling between the H6 (δ = 7.66 ppm) and H5 (δ = 6.03 ppm) protons of the cytosine bases, and the H1′ (δ = 5.85 ppm) with a multiplet (δ = 4.12 ppm) of other ribose protons. As expected, the two identical aromatic imidazole protons (δ = 6.96 ppm) of Cp*pC do not couple with the other protons. HOD is referenced to 4.79 ppm. (b) 31 P NMR spectrum referenced to internal trimethyl phosphate (δ = 0.00 ppm). Cp*pC corresponds to the main peak at -12.84 ppm. The chemical shifts of the hydrolysis products are observed at -1.21 ppm (Cp) and -12.52 ppm (Cp*) due to the slightly acidic pD. (c) 13 C NMR spectrum of Cp*pC displays 11 peaks for the 21 carbon atoms of this molecule. Small peaks of hydrolysis products can also be observed. Notable features of the 13 C NMR spectrum include (d) a doublet of doublets presumably arising from coupling of the two equivalent aromatic imidazole carbon atoms (positions 4 and 5) with the 31 P of both phosphates, and (e) a triplet arising from coupling of the central aromatic imidazole carbon (position 2) with the two equivalent 31 P atoms of the phosphates.
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Fig . S2 . The rate of Cp*pC formation is second order with respect to Cp* concentration. Cp*pC formation at various concentrations of Cp* was monitored using 31 P NMR (Fig. 1) . Initial rates were determined from the first two recorded spectra of the reaction in triplicate. The concentration of Cp* was determined from the first of these spectra. The data were analyzed on a log-log plot of initial rate of Cp*pC formation versus Cp* concentration to determine the reaction order. Linear regression of the data on this log-log plot, shown in red, gives a slope equal to 2.041 ± 0.1154 standard error. n = 3 for each data point. Error bars indicate standard deviation. Figure 2c of the main text. The plot of 5 mM Cp*pC and 11.5 mM AI yields k 2 = 0.23 h -1 mM -1 , 5 mM Cp*pC and 5.75 mM AI yields k 2 = 0.22 h -1 mM -1 , 5 mM Cp*pC and 17.25 mM AI yields k 2 = 0.25 h -1 mM -1 , 2.5 mM Cp*pC and 11.5 mM AI yields k 2 = 0.26 h -1 mM -1 , and 7.5 mM Cp*pC and 11.5 mM AI yields k 2 = 0.23 h -1 mM -1 .
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Fig. S6. Cp*pC decays to equal amounts of Cp and Cp* through hydrolysis.
Plot showing the concentration of Cp, Cp*, and Cp*pC over time due to hydrolysis of Cp*pC. At the first time point (0.26 h), the concentration of Cp is 0.66 ± 0.01 mM and Cp* is 1.23 ± 0.28 mM. At the last time point (3.9 h), the concentration of Cp is 2.39 ± 0.04 mM and Cp* is 3.22 ± 0.23 mM. The data for Cp*pC are also presented in Figure 3c of the main text. MI pC is between ~3.9-4.4 mM for the three samples monitored by 31 P NMR with spectra taken every 1 min. 56 s.
31 P NMR spectra at (a) 4 min. 8 s and (b) 17 min. 40 s after initiation show decay of the peak near -14 ppm over time. The peak near 0 ppm corresponds to Cp, -11 ppm to 2-MeImpC, and -14 ppm to Cp MI pC. (c) Quantification of 31 P NMR spectra in a first order rate plot yields a negative slope equal to the rate constant of hydrolysis k = 4.40 ± 0.07 h -1 . This corresponds to a half-life of 9 min. 27 s for Cp MI pC under these conditions.
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Fig. S8. Hydrolysis of 2-MeImpC in primer extension buffer with 40 mM 2-methylimidazole. 31 P NMR spectra of 5 mM 2-MeImpC and 40 mM free 2-methylimidazole incubated in primer extension buffer for (a) 0 h and (b) 95 h. The peak at 0 ppm corresponds to Cp, and -11 ppm to 2-MeImpC. (c) 31 P NMR spectra taken every day were quantified by integration of peaks and analyzed using a first order rate plot. The slope of this plot is equal to the negative rate constant of 2-MeImpC hydrolysis k = (2.93 ± 0.26) x 10 -3 h -1 . This corresponds to a half-life of 9.9 d for 2-MeImpC under these conditions. -2 in solutions of 24 mM Cp* incubated in primer extension buffer. This figure presents analysis of the data presented in Figure 7 . If we assume that Cp* can be in equilibrium with AI and Cp*pC, then
-2 is calculated over time using concentrations observed in 24 mM Cp* by 31 P NMR (Fig. 7) . This value plateaus near 0.02, which is consistent with our estimation of K eq = k 1 /k 2 = 0.019 ± 0.004. n = 3 for each data point. Error bars indicate standard deviation. -2 , and therefore varies depending upon the concentration of AI present in the primer extension reaction. We plotted the calculated concentration of Cp*pC versus the reaction rate constant over the first hour of primer extension, k 1h . We then fit this data to the equation k 1h = C + k obsmax [Cp*pC]/([Cp*pC] + K M ), where C is an added constant to the Michaelis-Menten equation that represents the reaction rate constant due to the ~ 20mM Cp* present in all primer extension reactions. We observed that C = -0.286 ± 0.159 h -1 standard error. Fig. S13 . Observation of trace materials in 24 mM Cp* solutions after extended incubation in primer extension buffer. 31 P NMR spectrum of 24 mM Cp*after 12 h incubation in primer extension buffer. This spectrum was quantified for Fig. 7 . The three large peaks correspond to Cp at 0.28 ppm, Cp* at -11.42 ppm, and Cp*pC at -12.86 ppm. In addition, we observe four small peaks at -2.95, -4.20, -4.92, and -11.56 ppm. We have assigned cyclic cytidine-3',5'-monophosphate to the peak at -4.92 ppm by addition of a commercial standard.
